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Abstract. Propagation pattern (distribution of phase veloci-
ties) is determined in three dimensions in the terrestrial mag-
netosheath on a statistical basis using Cluster spacecraft ob-
servations. It is found that the anti-sunward propagation
dominates and that the propagation direction is toward the
magnetosheath ﬂank at smaller zenith angles, while it is to-
ward the magnetopause at larger angles. This pattern is
axially symmetric regardless of the interplanetary magnetic
ﬁeld direction and agrees qualitatively with the density gra-
dient directions in a hydromagnetic ﬂow model of the mag-
netosheath, suggesting that the wave refraction mechanism is
more signiﬁcant than the wave drift effect.
Keywords. Magnetospheric physics (Magnetosheath;
Plasma waves and instabilities) – Space plasma physics
(Waves and instabilities)
1 Introduction
Identifying a wave propagation pattern is not an easy prob-
lem in the magnetosheath, since the ambient magnetic ﬁeld
is bent to the magnetopause shape, which causes an asym-
metry about the zenith axis (GSM-X direction). In the case
of the foreshock or the solar wind, in contrast, the ambient
ﬁeld can be well approximated by a homogeneous ﬁeld and
the wave propagation pattern can be relatively easily conﬁg-
ured and sketched (Narita et al., 2004). The bent magnetic
ﬁeld may cause an asymmetry in the wave propagation pat-
tern in the magnetosheath, for instance, between the plane
containing the bent ﬁeld and the one perpendicular to it, but
it is not clear how similar or how different the propagation
pattern is around the symmetry axis of the magnetosheath.
We use Cluster spacecraft data for a statistical study and de-
termine distributions of wave propagation directions. Fur-
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thermore, the use of the four identical spacecraft enables us
to determine intrinsic phase speeds in the plasma rest frame
(hereafter, plasma frame).
Although a number studies have been presented on the
magnetosheath waves, most of them focused on the wave
mode identiﬁcation, e.g. dispersion relations (Narita et al.,
2005), transport ratios (Denton et al., 1998), spectral signa-
tures (Anderson et al., 1994), and the propagation pattern
is yet poorly understood. Furthermore, earlier studies of
the propagation directions relied much on Alfv´ enic ﬂuctu-
ations in the magnetosheath. Matsuoka et al. (2000) investi-
gated the Alfv´ enic ﬂuctuations observed by Geotail space-
craft and found that the propagation direction is outward
from the symmetry axis, which was directly conﬁrmed by
Clusterspacecraftlateron(Sch¨ aferetal.,2005). Ontheother
hand, signsofthemirrormodearemoreoftenobservedinthe
magnetosheath (Tsurutani et al., 1982; Lucek et al., 1999).
Recently it was found that the mirror mode waves propagate
toward the magnetopause in the plane containing the inter-
planetary magnetic ﬁeld direction (Narita et al., 2006). We
aim to identify the propagation pattern in the magnetosheath
in “three dimensions” in the present paper.
2 Statistical study
The purpose of study is to determine spatial distributions of
the phase velocity vectors at various coordinates in the mag-
netosheath on a statistical basis. For this purpose the Clus-
ter spacecraft mission (Escoubet et al., 2001) offers a unique
possibility. It consists of four identical spacecraft and there-
fore enables to determine the wave vectors and the phase ve-
locity vectors. The time intervals of the Cluster observations
in the magnetosheath are chosen for the mission phase with
the smallest spacecraft separation (100km) from February to
June 2002, from which 84 magnetosheath traversals are in-
vestigated.
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Fig. 1. Histogram of sunward component of phase velocities (in the
plasma frame) divided by the magnitude of phase velocities.
It is convenient to introduce the solar wind coordinate sys-
tem (Narita et al.,2006;Verigin etal.,2006). Its basis vectors
are spanned as
ex = −ev (1)
ey = ez × ex (2)
ez = −
Bx
|Bx|
ev × eb, (3)
where ev and eb denote the unit vectors in the solar wind di-
rection and in the interplanetary magnetic ﬁeld (IMF) direc-
tion, respectively. Bx denotes the sunward component of the
IMF. In the solar wind coordinate system the IMF is tangent
to the bow shock in the Y>0 region. Therefore the quasi-
parallel and the quasi-perpendicular shock regimes are sepa-
rated into the Y<0 and Y>0 areas, respectively. The IMF is
contained in the XY plane. The Cluster observations are lim-
ited to the high latitude regions in the magnetosheath because
of its polar orbit with apogee about 20RE (1RE=6400km),
but they can widely spread out from the low to the high lat-
itudes in the solar wind coordinate system, as the XY plane
is rotated about the X axis to include the IMF direction. The
ACE spacecraft data of the ions and the magnetic ﬁeld are
used to determine ev, eb, and Bx for the respective Cluster
observations. The IMF as well as the bent magnetic ﬁeld
pattern in the magnetosheath are conveniently represented in
the XY plane in this coordinate system.
In the wave analysis procedure dominant frequencies are
ﬁrst identiﬁed in the frequency spectra using Cluster mag-
netic ﬁeld data (Balogh et al., 2001), and then wave vectors
at those frequencies are identiﬁed. We make use of the wave
telescope method (Glassmeier et al., 2001; Motschmann
et al., 1996; Pinc ¸on and Lefeuvre, 1991) which was de-
veloped particularly for the multi-spacecraft mission. The
Doppler shift of the frequencies is then corrected and the
Fig. 2. Distribution of the phase velocity vectors in the XY plane of
the solar wind coordinate system. Contours represent density ratio
to the upstream one in the Spreiter model.
plasma frame frequencies are determined using the relation
ωpl=ωsc−k·vfl, where ωpl denotes the plasma frame fre-
quency, ωsc the spacecraft frame frequency, k the wave vec-
tor, and vfl the plasma ﬂow velocity. Cluster ion data are
used to determine vfl (R` eme et al., 2001). It should be
noted that only multi-point measurements can determine the
plasma frame frequencies, since one needs the wave vector k
when applying the Doppler relation. Finally the phase veloc-
ity vectors are determined from ωpl and k as vph=ωplk/k2
at the observation coordinates r which are scaled from the
magnetopause to the bow shock crossing position.
3 Results
Both sunward and anti-sunward propagation (in the plasma
frame) are identiﬁed in the magnetosheath, but the anti-
sunward propagation dominates (Fig. 1). The majority of the
waves peaks in this direction (vph,x/vph∼−1) and hence the
anti-sunward direction is the most preferred direction.
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Fig. 3. The same panels as Fig. 2 for the XZ plane.
The propagation pattern for the anti-sunward waves ex-
hibits a unique organization shown in detail below. Figure 2
displays the distribution of the phase velocities in the XY
plane (containing the IMF direction) in the solar wind co-
ordinate system. They are plotted as unit vectors projected
to this plane. The observation coordinates in the magne-
tosheath are scaled to the relative position from the magne-
topause to the bow shock using the Spreiter model (Spre-
iter et al., 1966) of axially symmetric, hydromagnetic ﬂow
in the magnetosheath under the condition of Mach number
M=8 and polytropic index γ=5/3. The anti-sunward prop-
agation is clearly seen at the zenith angle (the angle from
the X axis) about 45◦, while the propagation directions are
slightly shifted toward the magnetopause at the zenith angle
about 90◦. This tendency is found both in the Y>0 and Y<0
half planes. Note that the Cluster spacecraft have an apogee
typically upstream of the bow shock and the observations are
not made in the subsolar region (near the X axis). Contours
in gray in Fig. 2 represent the density ratio relative to the
upstream value varying from 0.8 to 4.1. It exhibits a maxi-
mum in the subsolar region and becomes diminished toward
the ﬂank region. Superposition of the phase velocity vectors
and the density contours yields an interesting result, that is
the phase velocities traverse more or less perpendicular to
Fig. 4. Distribution of phase velocity vectors in the YZ plane.
the density contours toward the smaller densities, i.e. the re-
lation vphk−∇n holds, where vph and ∇n denote the phase
velocity and the density gradient, respectively.
Figure 3 displays the distribution of the phase velocities
in the XZ plane (perpendicular to the IMF). Again the above
pattern is seen, too. The propagation is almost anti-sunward
at the zenith angle about 45◦. The waves at the smaller zenith
angles tend to propagate in the ﬂank direction, whereas those
at the larger angles tend to propagate in the magnetopause
direction.
Figure 4 displays the distribution in the YZ plane. Most
of the waves propagate toward the X axis, (Y,Z)=(0,0), at
various clock angles in this plane. The length of the arrows
are smaller, reﬂecting the fact that the phase velocities are
dominant in the X direction.
4 Conclusions
To summarize, the anti-sunward propagation dominates. At
the smaller zenith angles the propagation is toward the mag-
netosheathﬂank, andatthelargeranglesitistowardthemag-
netopause. At 45◦ it is almost anti-sunward. The propagation
directions form qualitatively a symmetric pattern around the
X axis and it can be approximately expressed as vphk−∇n.
The relationship between the propagation pattern and the
density distribution is of great interest. In plasmas waves
may be coupled to the density gradient, and they become the
so-called drift waves. In the case of the magnetosheath the
mirror mode waves are often observed, and the existence of
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the drift mirror mode has been expected. The drift mirror
mode, however, propagates perpendicular to the density gra-
dient direction (Hasegawa, 1969; Pokhotelov et al., 2001),
whereas our results prefer the parallel direction. Perhaps the
drift mirror mode is operating in the magnetosheath, but the
frequency is proportional to logarithm of the density distri-
bution, ω∝∇ logn, and therefore the wave drift effect would
be too small to detect. The parallel propagation to the density
gradient may suggest a wave refraction in an inhomogeneous
medium. InthatcasetheWKBapproximationortheraytrac-
ing method should be applied to the low frequency waves in
the magnetosheath, which solves the wave vector k as func-
tion of the coordinate r. This shall be done and compared
with the Cluster observations.
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